Human locomotor adaptation is necessary to maintain flexibility of walking. Several 44 lines of research suggest that the cerebellum plays a critical role in motor 45 adaptation. In this paper we investigated the effects of non-invasive stimulation of 46 the cerebellum to enhance locomotor adaptation. We found that anodal cerebellar 47 tDCS applied during adaptation expedited the adaptive process while cathodal 48 cerebellar tDCS slowed it down, without affecting the rate of de-adaptation of the 49 new locomotor pattern. Interestingly cerebellar tDCS affected the adaptation rate of 50 spatial but not temporal elements of walking. It may be that spatial and temporal 51 control mechanisms are accessible through different neural circuits. Our results 52 suggest that tDCS could be used as a tool to modulate locomotor training in 53 neurological patients with gait impairments.
Introduction 74
The ability to learn a new motor pattern depends on multiple behavioral and neural 75
processes. An important question is whether we can selectively enhance one process to 76 compensate for a deficiency in another. As a step towards this goal, we studied whether 77 non-invasive brain stimulation can alter sensorimotor adaptation, which is a well-78 characterized form of motor learning. Adaptation occurs on a time scale of minutes to 79 hours, and is essential for flexibility of movement control (Bastian 2008) . It is driven by 80 errors that act to recalibrate motor commands for predictable demands or perturbations 81 (Martin et al. 1996) . This form of rapid error-based learning is essential because it 82 increases movement accuracy. Importantly, once a movement has been adapted, the 83 calibration must be actively unlearned or washed out in order for the movement to return 84 to its baseline state. 85
86
Adaptive learning mechanisms are known to normally contribute to a broad range of 87 behaviors, including reaching, walking, balance, and eye movements (Horak and Diener 88
1994; Reisman et al. 2005; Shadmehr and Mussa-Ivaldi 1994; Wallman and Fuchs 1998). 89
The cerebellum is known to be essential for this learning process. For instance, prior 90 work has shown that damage to the cerebellum compromises adaptive ability across all 91 
process. 98 99
Importantly, adaptive learning is also known to benefit individuals with cerebral stroke, 100 making a cerebellar target for brain stimulation clinically important. Prism adaptation 101 can mitigate hemineglect in patients with right-sided cerebral (parietal) damage, 102 producing benefits that last up to a week (Rossetti et al. 1998) . Walking adaptation on a 103 split-belt treadmill can result in after-effects that improve the walking symmetry of 104 investigation was approved by the Johns Hopkins University Institutional Review Board. 136
All methods conformed to the Declaration of Helsinki and all participants provided 137 written informed consent. 138
139

Main Experiment 140
Split-belt treadmill walking 141
Split-belt walking was studied using a custom-built treadmill (Woodway, WI, USA). 142
Speed commands for each belt were sent to the treadmill through a custom MATLAB 143 (MathWorks) program. Subjects wore a safety harness and were oriented with one leg on 144 each belt. Split-belt walking consisted of a 2 minutes baseline period of tied-belt walking 145 at both slow (0.5 m/s) speeds (Figure 1 ). After this, participants were exposed to a 15min 146 adaptation period where one belt moved at 1.5 m/s and the other at 0.5 m/s (Figure 1b) . 147
Split-belt walking initially disrupts coordination between the legs such that the fast and 148 slow leg steps are asymmetric and the fast leg's motion is phase advanced relative to that 149 of the slow leg. In other words, subjects walk with a 'limp'. We refer to the limb on the 150 slow belt in the split-belt period as the slow limb and the limb on the fast belt as the fast 151 limb. The split-belt perturbation is predictable, so adaptive mechanisms act to eliminate 152 the limp in about ten minutes (Reisman et al., 2005b) . Finally, when participants are re-153 exposed to tied-belt walking in the post-adaptation period they limp in the opposite way. 154
This occurs because the newly adapted split-belt pattern is now being used for tied belt 155 walking, and demonstrates storage of the new locomotor pattern. 156
157
During walking, kinematic data were collected at 100 Hz using Optotrak (Northern 158 Digital, Waterloo, ON). We placed bilateral infrared-emitting markers over the following 159 joints: foot (fifth metatarsal head), ankle (lateral malleolus), knee (lateral femoral 160 epicondyle), hip (greater trochanter), pelvis (iliac crest) and shoulder (acromion process). 161
[Figure 1] 162 tDCS 163
Using a factorial design, subjects were randomized to receive either anodal tDCS (n = 8) 164
over the cerebellar hemisphere ipsilateral to the fast leg, cathodal tDCS (n = 8) over the 165 cerebellar hemisphere ipsilateral to the fast leg, anodal tDCS (n = 8) over the cerebellar 166 hemisphere ipsilateral to the slow leg, cathodal tDCS (n = 8) over the cerebellar 167 hemisphere ipsilateral to the slow leg, or sham tDCS (n = 8). tDCS was delivered (only 168 during the adaptation period) through two sponge electrodes (surface area 25 cm 2 ) 169 embedded in a saline solution. One electrode was applied over the cerebellum 3cm lateral 170 to the inion (Galea et al. 2009 ). The second electrode was positioned on the ipsilateral 171 buccinator muscle. The intensity of stimulation was set at 2 mA (calculated current 172 density of 0.08 mA/cm 2 ), which is well below the threshold for tissue damage (Boggio et 173 al. 2006 ). Unbeknownst to the subject, anodal, cathodal or sham stimulation was 174 delivered for 15 minutes using a Phoresor II Auto (model PM850, IOMED). In the sham 175 session, anodal tDCS was applied for 30 s and then shut off. In all conditions current was 176 ramped up as adaptation began and ramped down just prior to post-adaptation. 177
178
Optotrack motion analysis data 179
Custom software in MATLAB (Mathworks) was used for all analyses. Step Symmetry =
Step Lengthfast − Step Lengthslow
Step Lengthfast + Step Lengthslow
We used a single exponential function (y = ae -x/b + c) to fit our group Step Symmetry and 228 our group individual step length data. We only considered time constants from fits with 229 R 2 > 0.8. To ensure that all groups experienced the same perturbation, we used a one-way 230 ANOVA to compare the first three steps of adaptation across stimulation groups. Rates of 231 adaptation and post adaptation for each parameter were quantified by taking the average 232 of the first 150 steps. To better visualize differences between groups, individual curves 233 were smoothed with a moving average and binned by three strides. Statistics were 234 performed on the unsmoothed data. 235
236
Control Experiments 237
Control Experiment 1 238
To determine whether tDCS changes baseline (i.e. tied belt) walking on the treadmill we 239 performed a control experiment in 8 healthy, naive subjects (2 female, 3 male; mean age 240 27, range 22 to 30). Here, participants walked on the split belt treadmill with the belts 241 tied at a slow speed (0.5m/s) for 5 minutes without tDCS and then for 5 minutes while 242 receiving either anodal, cathodal or sham cerebellar tDCS as applied in the main 243 experiment. We compared their variance in step symmetry with and without tDCS. 244
245
Control Experiment 2 246
Applying galvanic vestibular stimulation in blindfolded individuals causes subjects to 247 deviate from their planned walking trajectory and shift their center of position in the 248 direction of anodal stimulation (Fitzpatrick et al. 1999; Inglis et al. 1995) . Therefore, it is 249 possible that the effects of cerebellar tDCS on locomotor adaptation could result from 250 vestibular stimulation, which may cause alteration of step lengths consistent with turning 251 or shifts in center of position. Thus, we investigated whether tDCS applied over the 252 cerebellum can affect walking trajectory. Five subjects participated in one session where 253 we assessed walking trajectories by determining subjects' lateral deviation when asked to 254 walk 10 feet straight ahead (3x) with their eyes closed and their head tilted down as 255 though they were looking at the floor. Subjects received anodal tDCS over the 256 cerebellum for 20 minutes and walking trajectories were assessed before, during and after 257 stimulation. 258
Statistical analysis 260
Separate one-way ANOVAs with the factor Stimulation (anodal, cathodal and sham) 261 were used to compare the average step symmetry, phase and center of oscillation of the 262 first 3 steps of adaptation, the first 150 and last 150 steps for each stimulation group. Post 263 hoc pair-wise comparisons were done using a Fisher LSD test. For the control 264 experiment, a two-way ANOVA with factors Stimulation (anodal, cathodal and sham) 265
and Time (pre-stimulation, mid-stimulation, post-stimulation) was used to compare 266 walking trajectories for the control experiments. Data are expressed as mean ± SEM, and 267 effects were considered significant if p < 0.05. 268
269
Results
270
Main Experiment 271
All subjects were able to complete the walking task without difficulty, regardless of 272 group assignment. The average mean step symmetry during the last minute of the 273 baseline periods were not statistically different between stimulation groups (F[2,23] = 274 0.54, P = 0.94), or from zero (i.e. symmetry; P > 0.7). Therefore, we subtracted the 275 average values of symmetry during baseline (tied-belt) walking from all data. 276
277
In general, we saw walking adaptation proceed as has been previously described, albeit at 278 different rates. Generally, we found that during early adaptation there was a large 279 asymmetry in step lengths (negative values) that rapidly return to baseline symmetry 280 (zero). After adaptation, the belts were tied at the slow baseline speed (post-adaptation 281 phase), which resulted in subjects having an after effect consisting of an asymmetric gait 282 in the opposite direction to the early adaptation. 283
284
Anodal tDCS over the 'fast-leg' cerebellum improves adaptation 285
We found that adaptation rate of step symmetry changed when we stimulated the 286 cerebellum ipsilateral to the fast leg. We first compared the initial three strides during 287 adaptation to determine whether subjects experienced the same initial perturbations. 288
There was no significant difference in the size of the initial asymmetry during early 289 adaptation (F[2,23] = 0.67, P = 0.52), indicating that all groups were similarly perturbed 290 when the belts were first split. To assess the speed of adaptation, we fit the group 291 adaptation learning curves for step symmetry using a single exponential function (Figure  292 3). The time constant of the exponential, which can be thought of as the number of strides 293 to reach 2/3 of the total adaptation curve, was considerably smaller for the anodal group 294 (8.7 strides) and larger for the cathodal group (31.1 strides) relative to sham (12.6 295 strides). Note that there are two steps in each stride to calculate step symmetry. To 296 quantify the amount of learning early in adaptation, we averaged the first 150 strides of 297 adaptation. We found that early in the adaptation period there was a main effect with 298 regard to the amount of adaptation to the split belt perturbation across the three groups 299 
313
We then considered whether there were any differences in the adaptation amount or rate 314 for each leg's step length individually (rather than step symmetry). We found that the 315 fast leg generally adapts its step length more than the slow leg (e.g. sham condition, fast 316 leg adapts 176 mm; slow leg 81 mm). The extent of adaptation in the fast and slow legs 317 did not differ across groups, as they all adapted the same amount. What was different 318 was the effect of 'fast-leg' cerebellar stimulation on the adaptation rate (time constant) in 319 the fast leg: anodal (14 steps), cathodal (74 steps), and sham (19 steps). The rate of 320 adaptation in the slow leg was rapid and not strongly affected by stimulation (5, 5, and 9 321 steps respectively) for the three groups. 322
323
Anodal cerebellar tDCS improves adaptation via a spatial strategy 324
There are two strategies that subjects could use to adapt their step sizes: they could alter 325 the phasing of the motion between the limbs (a temporal strategy) and/or they could shift 326 where the legs oscillate relative to the trunk (a spatial strategy) (Malone and Bastian 327 2010). 
Anodal tDCS over the 'slow-leg' cerebellum does not affect adaptation 346
16 subjects received anodal or cathodal tDCS over the cerebellum ipsilateral to the slow 347 leg ( Figure 5) . Surprisingly, when looking at the first 150 steps, we found no clear group Our results show that cerebellar tDCS can enhance cerebellum-dependent locomotor 369
learning. Importantly, we show that we can increase or decrease the rate of walking 370 adaptation through anodal or cathodal tDCS (respectively) over the cerebellum. Galea et 371 al. (2011) previously showed that anodal cerebellar tDCS can increase adaptation rate 372 during a visuomotor task. Here we demonstrate behavioral effects that are specific to the 373 polarity of stimulation, which argues that these findings are not merely a general 374 modulation of the system. This work also extends other work that has used tDCS to 375 reduces CBI, it is likely to be non-specific and therefore not equivalent to a reduction in 413 CBI from learning, a pattern that was sculpted by the natural behavior. A third possibility 414 that can explain the behavioral effects found here with anodal tDCS is related to its 415 mechanism of action. In mice slice preparations from M1, anodal tDCS enhances 416 secretion of brain derived neurotrophic factor (BDNF) and increases activation of the 417 high affinity tyrosine kinase receptors (TrkB) (Fritsch et al. 2010) . However, at this point 418 it is unknown whether such mechanisms also occur in the cerebellum. 419
420
We do not think that residual stimulation of other brain structures is responsible for our 421 results. We applied tDCS at a current density of 0.08 mA/cm Though walking is a bilateral act, we found significant effects of tDCS only over the 430 cerebellum ipsilateral to the fast leg during adaptation. Since our previous work only 431 tested the neurophysiological changes in the fast leg following split-belt adaptation, we 432 can only speculate why stimulation of the cerebellum ipsilateral to the fast leg is more 433 effective. Typically, the 'fast' leg undergoes a much larger perturbation as the fast 434 treadmill belt drives the leg far into extension. It is possible that this large perturbation 435 results in larger error signals relative to the 'slow' limb. The 'fast leg' also adapts more 436 than the 'slow leg' and only the adaptation rate of the 'fast leg' was influenced by tDCS. 437 Therefore, it might be that there is more dynamic range in the 'fast limb' during this task 438 Illustration of the fast (gray) and slow (black) step lengths, which are used to calculate 499 step symmetry. C) Step lengths can return to symmetry by a spatial strategy, shifting the 500 center of oscillation, or a temporal strategy, by changing the phasing between the limbs. 501
The dots refer to heel strike of the fast (black) and slow(grey) leg. 502 503
Figure 2 504
Step symmetry plotted stride by stride for the three stimulation groups where we 505 Step symmetry plotted stride by stride for the three stimulation groups where we 512 Step symmetry plotted stride by stride for the three stimulation groups where we 533 Step Symmetry Stride Number 
